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1
FREQUENCY COMPENSATION

BACKGROUND

1. Technical Field

The present application relates to determining environ-
mental effects on an oscillator and in particular but not
exclusively to determining the deviance of a generated
frequency from an ideal due to temperature.

2. Description of the Related Art

Many systems make use of oscillators in order to provide
a frequency. In some systems the accuracy of the frequency
is important for the correct functioning of the system. One
such system is a global navigation satellite system (GNSS).

In order to acquire a received satellite signal, a local
signal is generated by a GNSS receiver in order to determine
a phase difference with the satellite signal. This phase
difference may then be used to determine the position of the
receiver with respect to the satellite.

The accuracy of the local signal is important to the
functioning of the system. Any frequency error in the locally
generated signal leads to an increase in the time taken to
acquire the satellite signal as the receiver has to search not
only for a phase difference but also potential frequency
differences.

Temperature of an oscillator has an effect on the accuracy
of the oscillator. The frequency of the oscillator may vary
with a change in temperature. In order to address this, many
oscillator have built in temperature compensation, for
example the temperature controlled crystal oscillator
(TXCO), However, such temperature compensation pushes
up component price of an oscillator and may increase space
required for the oscillator.

BRIEF SUMMARY

In an embodiment, an apparatus comprises: a first oscil-
lator configured to generate a first frequency; a second
oscillator configured to generate a second frequency; and a
processor configured to: determine a difference between the
first frequency and the second frequency; and determine a
non-ideal component of the first frequency in dependence on
a temperature response of the first and second oscillators.

The temperature response of the first and second oscillator
may correspond to a relationship of respective frequencies
generated by the first and second oscillators with an opera-
tional temperature of the first and second oscillators. The
temperature response may comprise a relationship between
a difference between the first and second frequencies and the
operational temperature of the first and second oscillators.

The first and second oscillators may have respective
temperature responses such that at any temperature in an
operational temperature range of the apparatus, a difference
between the first and second frequencies corresponds to a
unique temperature.

The first frequency may comprise an ideal component and
the non-ideal component. The second frequency may com-
prise an ideal component and a non-ideal component.

In an embodiment, an apparatus may include an inte-
grated circuit die.

The integrated circuit die may be configured to compen-
sate the first frequency in dependence on the determined
non-ideal component of the first frequency and provide the
compensated first frequency to further circuitry.

In an embodiment, the apparatus may be a global satellite
navigation system receiver and may further comprise acqui-
sition and tracking circuitry for a received navigation signal.
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In an embodiment, a method comprises: generating a first
frequency by a first oscillator; generating a second signal by
a second oscillator; determining a difference between the
first frequency and the second frequency; and determining a
non-ideal component of the first frequency in dependence on
a temperature response of the first and second oscillators.

In an embodiment, an apparatus comprises: a first oscil-
lator configured to generate a first frequency; a second
oscillator configured to generate a second frequency; and
control circuitry configured to: determine a difference
between the first frequency and the second frequency; and
determine a non-ideal component of the first frequency
based on a temperature response of the first and second
oscillators. In an embodiment, the temperature response of
the first and second oscillator corresponds to a relationship
of respective frequencies generated by the first and second
oscillators with an operational temperature of the first and
second oscillators. In an embodiment, the temperature
response comprises a relationship between a difference
between the first and second frequencies and the operational
temperature of the first and second oscillators. In an embodi-
ment, the first and second oscillators have respective tem-
perature responses such that at any temperature in an opera-
tional temperature range of the apparatus, a difference
between the first and second frequencies corresponds to a
unique temperature. In an embodiment, the first frequency
comprises an ideal component and the non-ideal component.
In an embodiment, the second frequency comprises an ideal
component and a non-ideal component. In an embodiment,
the control circuitry is configured to adjust the first fre-
quency based on the determined non-ideal component of the
first frequency and output the adjusted first frequency.

In an embodiment, a method comprises: generating a first
frequency using a first oscillator; generating a second signal
using a second oscillator; determining a difference between
the first frequency and the second frequency; and determin-
ing a non-ideal component of the first frequency based on a
temperature response of the first and second oscillators. In
an embodiment, the temperature response of the first and
second oscillator corresponds to a relationship of respective
frequencies generated by the first and second oscillators with
an operational temperature of the first and second oscilla-
tors. In an embodiment, the temperature response comprises
a relationship between a difference between the first and
second frequencies and the operational temperature of the
first and second oscillators. In an embodiment, the first and
second oscillators have respective temperature responses
such that at any temperature in an operational temperature
range of the apparatus, a difference between the first and
second frequencies corresponds to a unique temperature. In
an embodiment, the first frequency comprises an ideal
component and the non-ideal component. In an embodiment,
the second frequency comprises an ideal component and a
non-ideal component. In an embodiment, the method com-
prises: adjusting the first frequency based on the determined
non-ideal component of the first frequency.

In an embodiment, a system comprises: a first oscillator
configured to generate a first frequency; a second oscillator
configured to generate a second frequency; frequency con-
trol circuitry configured to: determine a difference between
the first frequency and the second frequency; determine a
non-ideal component of the first frequency based on a
temperature response of the first and second oscillators; and
adjust the first frequency based on the determined non-ideal
component of the first frequency; and operational circuitry
configured to receive the adjusted first frequency. In an
embodiment, the temperature response of the first and sec-
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ond oscillator corresponds to a relationship of respective
frequencies generated by the first and second oscillators with
an operational temperature of the first and second oscilla-
tors. In an embodiment, the operational circuitry comprises
a global satellite navigation system receiver including acqui-
sition and tracking circuitry configured to receive a naviga-
tion signal. In an embodiment, the system comprises an
integrated circuit, the integrated circuit including the first
oscillator, the second oscillator and the frequency control
circuitry. In an embodiment, the integrated circuit comprises
the operational circuitry and the operational circuitry
includes a global satellite navigation system receiver.

In an embodiment, a non-transitory computer-readable
medium’s contents configure circuitry to perform a method,
the method comprising: determining a difference between a
first frequency generated by a first oscillator and a second
frequency generated by a second oscillator; and determining
a non-ideal component of the first frequency based on a
temperature response of the first and second oscillators. In
an embodiment, the temperature response of the first and
second oscillator corresponds to a relationship of respective
frequencies generated by the first and second oscillators with
an operational temperature of the first and second oscilla-
tors. In an embodiment, the method comprises: adjusting the
first frequency based on the determined non-ideal compo-
nent of the first frequency.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Example embodiments will now be described with refer-
ence to the following figures in which:

FIG. 1 shows an apparatus in accordance with some
embodiments;

FIG. 2 shows an example of a temperature response of an
oscillator;

FIG. 3 is a flow diagram depicting an embodiment of a
method;

FIG. 4 is an example of a receiver in which embodiments
may be implemented; and

FIG. 5 is a flow diagram depicting an embodiment of a
method.

DETAILED DESCRIPTION

FIG. 1 shows an example of an apparatus or system 100
in which embodiments of the present disclosure may be
implemented. FIG. 1 comprises a first oscillator 101, a
second oscillator 102 and a frequency controller 103. It will
be appreciated that FIG. 1 is by way of example and the
apparatus may comprise further functional circuitry.

In one example, the apparatus may be a global navigation
satellite system (GNSS) receiver such as a global position-
ing system (GPS) or Galileo receiver and may comprise
further circuitry suitable for carrying out the functionality of
such a receiver. However it will be appreciated that the
apparatus of FIG. 1 may be any apparatus, such as an
apparatus in which the accuracy of an oscillator is important.
As illustrated, the apparatus 100 of FIG. 1 includes a
processor P, a memory M, and discrete circuitry 107, which
may be used only or in various combinations to implement
some or all of the functions or blocks of the apparatus 100.
For example, the processor P may execute instructions
stored in the memory M to implement the frequency con-
troller 103, the oscillators 101, 102 may be implemented
using discrete circuitry 107, etc., and various combinations
thereof.
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It will be appreciated that the first oscillator 101 may be
configured to generate a first frequency and the second
oscillator 102 may be configured to generate a second
frequency. The first frequency may comprise an ideal com-
ponent, namely the frequency the oscillator 101 is expected
to or designed to generate. For example the first oscillator
101 may be a crystal oscillator configured to provide a
frequency for the acquisition of a GNSS satellite system. In
this example the ideal component corresponds to the fre-
quency that is desired for the acquisition of the satellite
signal. The ideal component may also be seen as the
frequency generated by the oscillator under ideal conditions,
for example ideal temperature conditions.

The first frequency may also comprise a non-ideal com-
ponent. The non-ideal component may be the contribution to
the first frequency due to non-ideal conditions of the oscil-
lator. For example the non-ideal component may be a
component of the first frequency due to a non-ideal tem-
perature response of the first oscillator 101. The non-ideal
component may be considered to be the deviance of the first
frequency from the ideal component of the first frequency.

In systems where an accurate frequency is desired, the
first frequency may be compensated for the non-ideal com-
ponent. One method of compensation is to provide the first
oscillator 101 as a temperature controlled oscillator. In this
example, the oscillator may have a built in temperature
measurement and the first frequency may be compensated
based on the temperature of the oscillator. However, such
components tend to be expensive.

An embodiment, compensates for an oscillator frequency
without having to include additional temperature measure-
ment circuitry. Embodiments may determine a non-ideal
component of a first frequency based on a temperature
response of a first oscillator and a temperature response of
a second oscillator. In some embodiments, a relationship
between a first and second frequency may indicate a non-
ideal component of the first frequency based on a tempera-
ture response of the first oscillator.

It will be appreciated that the first frequency generated by
the first oscillator 101 may comprise an ideal component and
a non-ideal component. Similarly the second frequency
generated by the second oscillator 102 may comprise an
ideal component and a non-ideal component.

Referring to FIG. 1, the first 101 and second 102 oscil-
lators may have a known relationship between generated
frequency and operational temperature of the oscillator. This
relationship may for example be based on a mechanical
structure of the oscillator, a frequency of the oscillator
and/or measurements carried out on the oscillator, for
example provided by a manufacturer of the oscillator. The
relationship may for example describe a deviance of the
oscillator frequency from a reference frequency according to
temperature. This relationship may be the temperature
response of the oscillator. The relationship may for example
be indicative of a relationship between a deviance of a
frequency (non-ideal component) to an ideal frequency
(ideal component) of the oscillator. This relationship may be
considered to be a frequency response of the oscillator.

FIG. 2 shows the temperature response of a first oscillator
201 and a second oscillator 202. The temperature response
201 of the first oscillator may be shown as the difference or
deviance between and actual frequency (ideal and non-ideal
components) generated by the oscillator and an ideal fre-
quency (ideal component) of the oscillator. The temperature
response 202 of the second oscillator may correspond to a
difference between the second frequency and a reference
signal, for example an ideal frequency of the first oscillator.
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Thus the temperature response 202 of the second oscillator
may be modelled as a difference between ideal components
of the first and second oscillators plus a non-ideal compo-
nent of the second oscillator.

It will be appreciated that the temperature responses are
by way of example only and in some embodiments the
temperature response of an oscillator may correspond to a
relationship between a non-ideal frequency component of
the oscillator with a reference frequency.

The first and second oscillators may have different char-
acteristics which cause their temperature responses to differ.

In this example, the apparatus may be a GNSS receiver
and the first oscillator 101 may be used for the acquisition
and tracking of a GNSS navigation signal. The second
oscillator 102 may be for example a real time clock (RTC)
oscillator for the apparatus 100. The oscillators may differ in
frequency, for example the first oscillator 101 may generate
a frequency of 26 MHz whereas the second oscillator may
generate a frequency of 32 kHz. The first and second
oscillator may additionally have different mechanical struc-
ture which may also cause their temperature responses to
differ.

The difference in the temperature response of the first
oscillator 201 and the second oscillator 202 may be used to
determine a non-ideal component of the first frequency 201.
This determination may for example be carried out without
the inclusion of temperature measurement circuitry. The
non-ideal component of the first frequency may be deter-
mined based on a difference between the first frequency and
the second frequency.

For example a difference between the first frequency and
the second frequency may be shown as follows:

JoserSoser=(H2)+(d1~ds)

where

f, .., and £, are the first and second frequencies gener-
ated by the first oscillator 101 and the second 102 oscillator
respectively;

f, and f, are the ideal components of the first and second
frequencies respectively; and

d, and d, are the non-ideal components or deviance of the
first and second frequencies respectively.

Referring the graph of FIG. 2 it will be appreciated that
the relationship between the non-ideal component (d, ) of the
first frequency (f,,.,) and temperature is shown 201 and the
relationship between the non-ideal component (d,) of the
second frequency (f,,.,) and temperature is known 202.
Thus a relationship between the difference between the first
and second frequencies (and non-ideal components thereof)
and temperature is known and shown at 203.

In operation, the first and second frequencies comprise
non-ideal components as well as ideal components. By
modelling a difference between the first and second frequen-
cies against temperature, an operating temperature of the
oscillators may be determined. This relationship between the
difference between the first and second frequencies and
temperature may be determined from 201 and 202. It will be
appreciated that 201 and 202 may be based on prior mea-
surements and/or characteristics of the oscillators, for
example provided by the manufacturer.

For example, 201 models temperature as a function of the
deviance (d,) of the first frequency from the ideal and 202
models temperature as a function of the deviance of the
second frequency from the ideal component of the first
frequency (f,+d,—f)). In combination, these form 203 which
models the difference between the second frequency and the
first frequency (f,-f,+d,-d,).
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From 203, an operational temperature of the first 101 and
second 102 oscillators may be determined based on a
difference between the second frequency and the first fre-
quency. From this determined temperature, the non-ideal
component of the first frequency d, may be determined. The
determined non-ideal component of the first frequency may
be used to compensate the first frequency.

It will be appreciated, that in operation of the oscillators,
the exact first and second frequencies being generated may
not be known due to the unknown non-ideal components.
However, a difference between the frequencies may be
found and used to determine the deviance of the first
frequency.

It will appreciated that the temperature responses of 201
and 202 are by way of example only. In this example the
relationships 201 and 202 differ both in shape (for example
due to crystal structure) and frequency. However it will be
appreciated that the relationships may differ in other man-
ners. Temperature may be determined based on a difference
between the first and second frequencies when the tempera-
ture response 201 and 202 of the first 101 and second 102
oscillators differ such that a difference in the temperature
responses corresponds to an unique temperature in an oper-
ating range of temperature, for example when the difference
between the first and second frequencies is such that it
corresponds to one temperature in an operating range of
temperature for the oscillators.

It will be appreciated that the operating range of tempera-
ture for the first and second oscillators may correspond to a
range of temperatures in which the apparatus is expected to
operate. This may for example differ with the functionality
of the apparatus. For example if the apparatus is to be
implemented in a non-terrestrial environment, an opera-
tional temperature range of the apparatus may differ to if it
is to be implemented for domestic use.

FIG. 3 is a flow diagram showing an example of a method
300 of an embodiment. In some embodiments, the method of
FIG. 3 may be carried out by the frequency controller 103.

At 301 in FIG. 3 a difference between a first frequency
generated by a first oscillator 101 and a second frequency
generated by a second oscillator 102 is determined. The
difference may be determined for example by comparing the
first frequency generated by the first oscillator and the
second frequency generated by the second oscillator. The
determined difference may be indicative of an operational
temperature of the first and second oscillator.

At 302, the determined difference may be used to deter-
mine an operational temperature of the first and second
oscillator. The difference may be determined based on a
relationship between the difference between the first and
second frequencies and temperature.

In some embodiments, the relationship between the dif-
ference between the first and second frequencies and tem-
perature may be modelled based on known characteristics of
the oscillators. In other or additional embodiments, a tem-
perature response, for example a relationship between a
frequency generated by the oscillator and temperature, may
be known for each of the first and second oscillators and the
relationship between the difference and temperature may be
determined therefrom.

In other or additional embodiments a relationship between
the difference between the first and second frequencies and
a non-ideal frequency component of the first frequency may
be modelled. In this case, act 302 is implicitly rather than
explicitly carried out as the relationship between the differ-
ence between the first and second frequencies and a non-
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ideal frequency component of the first frequency is deter-
mined by the operational temperature of the oscillator.

At 303 a non-ideal component of the first frequency may
be determined based on the determined temperature. It will
be appreciated that in some embodiments, the non-ideal
component will be determined explicitly based on the deter-
mined temperature. In other embodiments, for example
where a relationship between the difference between the first
and second frequencies and a non-ideal frequency compo-
nent of the first frequency is modelled, the determination of
the non-ideal component may be based on the difference
between the first frequency and the second frequency and
dependent on temperature.

It will be appreciated that while the description of FIG. 3
refers to the difference between the first and second fre-
quency, this may correspond to a difference between the
frequencies as a whole or a difference between the non-ideal
components of the first and second frequencies.

It will be appreciated that the foregoing has described
making determinations on the basis of characteristics of the
first 101 and second 102 oscillator. In a first example these
characteristics may include a relationship between a differ-
ence between the first and second frequency (or non-ideal
components thereof) and temperature and a relationship
between a non-ideal component of the first frequency and
temperature. In a second example, the characteristics may
include a relationship between a difference between the first
and second frequency (or non-ideal components thereof) and
a non-ideal component of the first frequency. It will be
appreciated that for both examples, these relationships may
be based on the temperature response of the first and second
oscillators. For example, the temperature response may be
the non-ideal components of the first and second frequencies
generated due to temperature.

In some embodiments, a determination of the operational
temperature of the oscillators and the determination of the
non-ideal frequency component of the first frequency may
be made based on models corresponding to the temperature
response of the first and second oscillator. These models
may for example describe the relationships 201, 202 and 203
in FIG. 2. It will also be appreciated that the models may
describe relationships not shown in FIG. 2 but based on
similar relationships, for example the relationship between a
difference between the first and second frequency and a
non-ideal component of the first frequency.

In embodiments, the frequency controller 103 may use the
models and/or relationships to determine the non-ideal fre-
quency component of the first frequency.

The foregoing has described a first phase of operation in
which the difference between the first and second frequen-
cies is used to determine a non-ideal component and hence
a compensation for the first frequency. It will be appreciated,
that some embodiments may further comprise a second
phase of operation in which the compensated signal is
compared to a reference signal and the resulting difference
is used to update the model used to determine compensation.
For example, an error between the compensated frequency
and a frequency corresponding to the ideal component of the
first frequency may be determined and used to update the
model. It will also be appreciated that in some embodiments,
the frequency controller 103 may be configured to update
the models or relationships.

In this example, the apparatus 100 may be a GNSS
controller. FIG. 4 shows an example of a GNSS controller
400 that may update the models used to determine the
non-ideal component of the first frequency.
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FIG. 4 shows an example of a GNSS receiver 400
including a first oscillator 101, a second oscillator 102 and
a frequency controller 103. It will be appreciated that in
some embodiments, the frequency controller 103 may be
implemented in software. For example, the non-ideal com-
ponent may be determined in software and at least part of the
tracking and acquisition functionality of the receiver 100
may be carried out in software.

FIG. 4 further includes an acquisition and tracking block
404. The acquisition and tracking block 404 may receive a
GNSS navigation signal at 405. It will be appreciated that
this signal 405 may not be received directly from a trans-
mitter such as a satellite, but may be first processed by other
circuitry in or associated with the receiver 400. For example
the signal 405 may be down-converted and/or pre-processed
for noise.

The frequency controller 103 may receive the first fre-
quency from the first oscillator 101 and the second fre-
quency from the second oscillator 102. The frequency
controller 103 may use the first and second frequencies to
determine a non-ideal component of the first frequency as
described in relation to FIGS. 2 and 3 using one or more
models of the temperature response(s) of the first 101 and
second 102 oscillators. The frequency controller 103 may
further compensate the first frequency based on the deter-
mined non-ideal component.

The frequency controller 103 may then provide the com-
pensated frequency 406 to the tracking and acquisition block
404. The compensated frequency 406 may be used in the
acquisition and tracking of the GNSS signal.

In addition to compensating the first frequency for the
non-ideal component caused by temperature, the frequency
controller 103 in some embodiments, may update the mod-
els (for example the temperature response(s)) used to deter-
mine the non-ideal component of the first frequency. In this
embodiment, the frequency controller 103 may update the
model(s) based on a frequency offset between the compen-
sated first frequency 406 and an ideal first frequency.

It will be appreciated that the first frequency comprises an
ideal component and a non-ideal component. The frequency
controller 103 may determine the non-ideal component of
the first frequency and then compensate the first frequency
for the non-ideal component in order to provide only the
ideal component of the first frequency for example to the
tracking and acquisition block. In other words, the frequency
controller 103 compensates the first frequency to provide a
frequency that the oscillator would generate under ideal
conditions.

However in some embodiments, the determination of the
non-ideal component may not be entirely accurate. This may
be for example due to other environmental or manufacturing
effects that cause non-ideal behavior of the oscillator other
than temperature. In other or further examples, the model
giving the temperature response of the first and second
oscillators may not be entirely accurate. The frequency
controller 103 may therefore update or modify the model(s)
in order to provide a more accurate model on which to base
its determination. It may do this in response to an offset 407
between the compensated frequency and the ideal frequency
of'the oscillator (the frequency the oscillator would generate
under ideal conditions).

In the example of the GNSS receiver 400, in a first phase
of operation, the first oscillator is configured to generate a
frequency of a navigation signal 405 received by the GNSS
receiver 400. It will be appreciated that due to non-ideal
conditions, the first frequency will not match the received
navigation signal 405 exactly however the frequency con-
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troller may determine an non-ideal component and compen-
sate the first frequency in order to provide a frequency to the
tracking and acquisition block that is at least close to the
frequency of the received signal. The more accurate the
compensated frequency, the quicker the received signal 405
may be acquired.

Once, the tracking and acquisition block 404 has acquired
the received signal 405, in a second phase of operation, it
may provide an indication of an offset between the com-
pensated frequency and the frequency of the received signal
405. This offset may be indicative of a difference between
the frequency of the compensated signal and the frequency
of the received signal 405. Based on this offset 407, the
frequency controller 103 may update its model(s) to more
accurately determine the non-ideal component of the first
frequency.

In this example, the frequency of the received signal 405
may be considered to correspond to the ideal component of
the first frequency. The determined non-ideal component of
the first frequency may not be entirely accurate and an offset
407 between the ideal component (frequency of the received
signal 405) and the compensated frequency 406 may indi-
cate a difference between the determined non-ideal compo-
nent and actual non-ideal component.

In some embodiments the model(s) may correspond to a
function, for example a polynomial but not restricted to
such, that corresponds to the behavior of the first and second
oscillators under different temperature conditions (for
example a temperature response). Each of the one or more
function(s) may be described by a set of coeflicients and
these coefficients may be updated based on the offset 407.

The one or more function(s) may for example be imple-
mented in the form of a filter. In the example of a filter, the
filter may comprise two aspects. A first aspect may relate to
the temperature response of the first and second oscillator. In
this case, the filter is used to determine a non-ideal fre-
quency component based on a difference between the first
and second frequencies. This determination may be used to
apply compensation to the first frequency.

The second mode or aspect of the filter is configured to
update coefficients of the filter. An offset 407 may be
determined by comparing the compensated frequency with
the received frequency. The offset 407 may be used to update
the filter coefficients.

As illustrated, the receiver 400 of FIG. 4 includes a
processor P, a memory M, and discrete circuitry 417, which
may be used only or in various combinations to implement
some or all of the functions or blocks of the receiver 400. For
example, the processor P may execute instructions stored in
the memory M to implement the frequency controller, the
acquisition and tracking block, etc., the oscillators 101, 102
may be implemented using discrete circuitry 417, etc., and
various combinations thereof.

FIG. 5 shows an example of a method 500 that may be
carried out to update the model in accordance with some
embodiments.

At 501 of FIG. 5, the frequency controller 103 may have
an initial model for frequency compensation (for example
203 or a combined model of 201 and 203). It will be
appreciated that his initial model may be generated by a
theoretical approximation of the temperature response of the
first and second oscillators.

At 502, an offset between the compensated frequency and
the received frequency, for example a frequency of the
GNSS signal, may be determined.

At 503, the model may be updated to take into account
these new data points.
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After 503, the method 500 may loop back to 502 where
more measurements may be performed. It will be appreci-
ated that these measurements may be performed periodically
or at certain times specific to the receiver 400.

In one example, the offset 407 at the determined tempera-
ture of the first and second oscillator forms a data point and
is recorded. One or more data points may be used to update
the model. In some embodiments, a data point may be
recorded about every 1 minute but it could be on any time
scale dependent on the system implemented. A balance is to
have a time period allowing for the temperature to change
while still capturing data (the offset 407) at key temperature
points. In some embodiments, the time period may be a
range from 10 second to 1 minute. In some cases, there is
some degradation in performance over the lifetime of the
crystal oscillator. In some embodiments, this may be
accounted for an algorithm for updated the model configured
to forget the long term history of the data points. For
example, the algorithm may only take into account the N last
data points.

One way of using data points to update the amount of
compensation applied to a frequency is to store the data
points in a table and reference them. For example, the data
points giving an error in the non-ideal component determi-
nation may be used to adjust the determination of the model
by looking up an adjustment value in the table. However the
use of such a table is potentially inaccurate and may take up
extra space in memory as well as additional computational
steps.

Alternatively, the model may be implemented by a real-
time, recursive algorithm in which data points are input to
the model and cause the model coeflicients to be updated. In
this case, no table of data points need be stored. In such
algorithms the data points may be filtered, resulting in an
update of the coefficients of the filter.

Such an algorithm may be for example a linear quadratic
estimation algorithm or a Kalman filter. In this case, the
Kalman filter or linear quadratic estimation may be used to
provide a model defined by coeflicients. The coefficients of
the model may describe the behavior of an oscillator fre-
quency with regards to the temperature of the oscillator.

In the initial model, the coefficients may describe a not
entirely accurate approximation of the behavior. The Kal-
man filter may provide an algorithm that accepts a series of
data points comprising the determined temperature and
offset and use these data points to provide more accurate
estimations of the coefficients. The Kalman filter of embodi-
ments may operate recursively and process each data point
as it is generated. In other words, in an embodiment, the data
points need not be stored in a table, but may be processed by
the Kalman filter to update the coefficients as the data points
are generated. The Kalman filter may operate recursively.

The initial model may in some embodiments, be the
models 203 and 201. In other embodiments the model may
be a combined model of 201 and 203.

In the foregoing reference has been made to a temperature
response of the first and second oscillators and for example
shown in the plot of FIG. 2. It will be appreciated that in
embodiments, the temperature response may be given by the
frequency difference of the frequency in parts per million
(ppm) vs. temperature. In some embodiments, the ideal
component of the first frequency may be used as the refer-
ence for the ppm. For example the temperature response of
the first oscillator may be the non-deal component of the first
frequency in ppm of the ideal component of the first fre-
quency. The temperature response of the second oscillator
may be the difference between the second frequency and an
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ideal component of the first frequency in ppm of the ideal
component of the first frequency. The combined response
203 may for example be the difference between the second
and first frequencies in ppm of the ideal component of the
first frequency.

It will be appreciated that in some embodiments, the ideal
component of the first frequency may not be available (for
example the navigation signal 405 may not have been
acquired) when measuring the difference between the first
frequency and the second frequency. In this case the non-
ideal component of the first frequency may be disregarded in
the conversion to ppm and this difference may be given in
ppm of the first frequency. The model 203 may be updated
in the second phase to take into account any error incurred
due to the non-ideal component of the first frequency in the
ppm calculation.

It will also be appreciated that this is by way of example
only and other reference frequencies may be used for the
ppm calculation in some embodiments.

It will be appreciated that in some embodiments, the first
oscillator may not be configured to generate a first frequency
that matches the frequency of the GNSS signal but rather be
configured to generate a frequency that is a factor thereof.
The oscillator hardware may be configured to scale this
generated frequency to correspond to the frequency of the
received signal. It will be appreciated that in some embodi-
ments, the oscillator may generate the frequency of the
received signal without any scaling.

It will be appreciated that the apparatus 100 and/or
receiver 400 may be implemented as part of an integrated
circuit die. For example the apparatus 100 may form part of
a single integrated package. For example the circuitry of the
apparatus 100 may be provided as a single integrated circuit
die and may output a compensated first frequency to further
circuitry and or integrated die that may make use of the first
frequency.

In the foregoing an example of a GNSS receiver is given
however it will be appreciated that embodiments may be
applicable to any device or apparatus wherein the accuracy
of a frequency may be of use. For example in some
embodiments the apparatus 100 may be provided as an
oscillator that provides temperature compensation, for
example in the place of a temperature controlled crystal
oscillator (TXCO).

In the foregoing, a frequency of the first and the second
oscillators has been given as 26 MHz and 32 kHz respec-
tively, however it will be appreciated that this is by way of
example only and the oscillators may be configured to
generate different frequencies. In this example the tempera-
ture responses of the first and second oscillators may differ
due to mechanical structure and frequency, however it will
be appreciated that oscillators that have differing tempera-
ture responses due to other reasons may be implemented.
Any oscillators may be implemented with temperature
responses that differ sufficiently such that an operational
temperature of the oscillators may be determined from a
difference between the frequencies (or non-ideal compo-
nents of the frequencies) generated by the oscillators. For
example this may be due to a difference between the
frequencies corresponding to an unique temperature due to
the difference in the temperature responses of the oscillators.

An appropriately adapted computer program code product
or products may be used for implementing the embodiments,
when loaded on an appropriate data processing apparatus,
for example for compensating the frequency for error. The
program code product for providing the operation may be
stored on, provided and embodied by means of an appro-
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priate carrier medium. An appropriate computer program
can be embodied on a computer readable record medium. A
possibility is to download the program code product via a
data network. In general, the various embodiments may be
implemented in hardware or special purpose circuits, soft-
ware, logic or any combination thereof. Embodiments may
thus be practiced in various components such as integrated
circuit modules. The design of integrated circuits is by and
large a highly automated process. Complex and powerful
software tools are available for converting a logic level
design into a semiconductor circuit design ready to be
etched and formed on a semiconductor substrate.

Some embodiments may take the form of or include
computer program products. For example, according to one
embodiment there is provided a computer readable medium
including a computer program adapted to perform one or
more of the methods or functions described above. The
medium may be a physical storage medium such as for
example a Read Only Memory (ROM) chip, or a disk such
as a Digital Versatile Disk (DVD-ROM), Compact Disk
(CD-ROM), a hard disk, a memory, a network, or a portable
media article to be read by an appropriate drive or via an
appropriate connection, including as encoded in one or more
barcodes or other related codes stored on one or more such
computer-readable mediums and being readable by an
appropriate reader device.

Furthermore, in some embodiments, some of the systems
and/or modules and/or circuits and/or blocks may be imple-
mented or provided in other manners, such as at least
partially in firmware and/or hardware, including, but not
limited to, one or more application-specific integrated cir-
cuits (ASICs), digital signal processors, discrete circuitry,
logic gates, standard integrated circuits, state machines,
look-up tables, controllers (e.g., by executing appropriate
instructions, and including microcontrollers and/or embed-
ded controllers), field-programmable gate arrays (FPGAs),
complex programmable logic devices (CPLDs), etc., as well
as devices that employ RFID technology, and various com-
binations thereof.

The various embodiments described above can be com-
bined to provide further embodiments. Aspects of the
embodiments can be modified, if necessary to employ con-
cepts of the various patents, applications and publications to
provide yet further embodiments.

It is also noted herein that while the above describes
exemplifying embodiments, there are several variations and
modifications which may be made to the disclosed embodi-
ments without departing from the scope of the present
disclosure.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, in the
following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope
of equivalents to which such claims are entitled. Accord-
ingly, the claims are not limited by the disclosure.

The invention claimed is:
1. An apparatus, comprising:
a first oscillator configured to generate a first frequency;
a second oscillator configured to generate a second fre-
quency; and
control circuitry configured to:
determine a difference between the first frequency and
the second frequency;
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determine a non-ideal component of the first frequency
based on the difference and a frequency compensa-
tion model;

adjust the first frequency based on the determined
non-ideal component of the first frequency; and

revise the frequency compensation model based on the
adjusted first frequency and a reference frequency.

2. The apparatus of claim 1 wherein the frequency com-
pensation model is based on a temperature response of the
first and second oscillators.

3. The apparatus of claim 1 wherein the frequency com-
pensation model is based on a relationship between a
difference between the first and second frequencies and an
operational temperature of the first and second oscillators.

4. The apparatus of claim 1 wherein the first and second
oscillators have respective temperature responses such that
at any temperature in an operational temperature range of
the apparatus, a difference between the first and second
frequencies corresponds to a unique temperature.

5. The apparatus of claim 1 wherein the first frequency
comprises an ideal component and the non-ideal component.

6. The apparatus of claim 1 wherein the second frequency
comprises an ideal component and a non-ideal component.

7. The apparatus of claim 1 wherein the control circuitry
is configured to output the adjusted first frequency.

8. A method, comprising:

generating a first frequency using a first oscillator;

generating a second signal using a second oscillator;

determining a difference between the first frequency and
the second frequency;

determining a non-ideal component of the first frequency

based on the difference and a frequency compensation
model,;

adjusting the first frequency based on the determined

non-ideal component of the first frequency; and
revising the frequency compensation model based on the
adjusted first frequency and a reference frequency.

9. The method of claim 8 wherein the frequency com-
pensation model is based on a relationship of respective
frequencies generated by the first and second oscillators with
an operational temperature of the first and second oscilla-
tors.

10. The method claim 8 wherein the frequency compen-
sation model is based on a relationship between a difference
between the first and second frequencies and the operational
temperature of the first and second oscillators.

11. The method claim 8 wherein the first and second
oscillators have respective temperature responses such that
at any temperature in an operational temperature range of
the apparatus, a difference between the first and second
frequencies corresponds to a unique temperature.

12. The method of claim 8 wherein the first frequency
comprises an ideal component and the non-ideal component.

13. The method of claim 8 wherein the second frequency
comprises an ideal component and a non-ideal component.

14. A system, comprising:

a first oscillator configured to generate a first frequency;

a second oscillator configured to generate a second fre-

quency;

frequency control circuitry configured to:

determine a difference between the first frequency and
the second frequency;
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determine a non-ideal component of the first frequency
based on the difference and a frequency compensa-
tion model;

adjust the first frequency based on the determined
non-ideal component of the first frequency; and

revise the frequency compensation model based on the
adjusted first frequency and a reference frequency;
and

operational circuitry configured to receive the adjusted

first frequency.

15. The system of claim 14 wherein the frequency com-
pensation model is based on a relationship of respective
frequencies generated by the first and second oscillators with
an operational temperature of the first and second oscilla-
tors.

16. The system of claim 14 wherein the operational
circuitry comprises a global satellite navigation system
receiver including acquisition and tracking circuitry config-
ured to receive a navigation signal.

17. The system of claim 14 comprising an integrated
circuit, the integrated circuit including the first oscillator, the
second oscillator and the frequency control circuitry.

18. The system of claim 17 wherein the integrated circuit
comprises the operational circuitry and the operational cir-
cuitry includes a global satellite navigation system receiver.

19. A non-transitory computer-readable medium having
contents which configure circuitry to perform a method, the
method comprising:

determining a difference between a first frequency gen-

erated by a first oscillator and a second frequency
generated by a second oscillator;

determining a non-ideal component of the first frequency

based on the difference and a frequency compensation
model,;

adjusting the first frequency based on the determined

non-ideal component of the first frequency; and
revising the frequency compensation model based on the
adjusted first frequency and a reference frequency.

20. The non-transitory computer-readable medium of
claim 19 wherein the frequency compensation model is
based on a relationship of respective frequencies generated
by the first and second oscillators with an operational
temperature of the first and second oscillators.

21. The apparatus of claim 1 wherein the reference
frequency is a frequency of a received signal and the
revising the frequency compensation model comprises com-
paring the frequency of the received signal to the adjusted
first frequency.

22. The apparatus of claim 1 wherein the reference
frequency is a frequency of a navigation signal.

23. The apparatus of claim 1 wherein the revising the
frequency compensation model comprises periodically
updating the frequency compensation model.

24. The method of claim 8 wherein the reference fre-
quency is a frequency of a received signal and the revising
the frequency compensation model comprises comparing
the frequency of the received signal to the adjusted first
frequency.

25. The method of claim 8 wherein the reference fre-
quency is a frequency of a navigation signal.

26. The method of claim 8 wherein the revising the
frequency compensation model comprises periodically
updating the frequency compensation model.
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